Introduction: expanded programme on immunizations in resource-limited settings currently measure vaccination coverage defined as the proportion of children aged 12-23 months that have completed their vaccination. However, this indicator does not address the important question of when the scheduled vaccines were administered. We assessed the determinants of timely immunization to help the national EPI program manage vaccinepreventable diseases and impact positively on child survival in Senegal. Methods: vaccination data were obtained from the Demographic and Health Survey (DHS) carried out across the 14 regions in the country. Children were aged between 12-23 months. The assessment of vaccination coverage was done with the health card and/or by the mother's recall of the vaccination act. For each vaccine, an assessment of delay in age-appropriate vaccination was done following WHO recommendations. Additionally, Kaplan-Meier survival function was used to estimate the proportion vaccinated by age and cox-proportional hazards models were used t o examine risk factors for delays. Results: a total of 2444 living children between 12-23 months of age were included in the analysis. The country vaccination was below the WHO recommended coverage level and, there was a gap in timeliness of children immunization. While BCG vaccine uptake was over 95%, coverage decreased with increasing number of Pentavalent vaccine doses (Penta 1: 95.6%, Penta 2: 93.5%: Penta 3: 89.2%). Median delay for BCG was 1.7 weeks. For polio at birth, the median delay was 5 days; all other vaccine doses had median delays of 2-4 weeks. For Penta 1 and Penta 3, 23.5% and 15.7% were given late respectively. A quarter of measles vaccines were not administered or were scheduled after the recommended age. Vaccinations that were not administered within the recommended age ranges were associated with mothers' poor education level, multiple siblings, low socioeconomic status and living in rural areas. Conclusion: a significant delay in receipt of infant vaccines is found in Senegal while vaccine coverage is suboptimal. The national expanded program on immunization should consider measuring age at immunization or using seroepidemiological data to better monitor its impact.
Introduction
Immunization is amongst the most cost effective public health interventions for reducing global childhood morbidity and mortality [1] . In subSaharan African countries, where vaccine preventable diseases are the major contributors to high child mortality, vaccine timeliness is crucial to reverse this situation [2, 3] . World Health Organization (WHO) recommends that vaccines must be administrated during the first years of life within a specified schedule and time range [4] . The WHO recommended vaccination schedule aims to ensure to children suboptimal response, reduce individual vulnerability and prevent the recurrence outbreak of the diseases inside communities [4, 5] . Additionally, early protection is particularly important for haemophilus influenzae type b (hib) and pertussis which remains undiagnosed in most Low and Middle Income Countries (LMICs) with higher morbidity during infancy [6, 7] . In sub-Saharan Africa, immunization data collected from administrative sources are inaccurate due to errors in the denominator (total target population), errors in recording vaccinations at health facilities, and errors in compiling the data on vaccinations to report to higher levels. To overcome this shortcoming, many countries obtain childhood immunization data by implementing a vaccination coverage cluster surveys such as Demographic and Health Survey (DHS) or a Multiple Indicator Survey (MICS) [8, 9] . The most commonly used method is based on calculating vaccine coverage defined as the proportion of a given population that immunized in a given time period (e.g. by 12 or 23 months of age). However, despite current use, this method can only be calculated for a specified age group and does not cover delay to age-appropriate vaccination for a specific age group [10, 11] . Additionally, studies have shown that high vaccination coverage do not necessarily correlates with vaccination timeliness and acquired immunity for children [11] [12] [13] [14] . In Senegal, the infant mortality rate is high with 44 per 1000 live births and vaccine-preventable diseases are the leading cause of mortality amongst children under five years [15] . Senegal started its national EPI programme in 1976 with the principle to deliver vaccines through routine health services combined with regular mass distributions across the country. Currently, the EPI programme in Senegal recommends that a child receive BCG (Bacillus of CalmetteGuerin) vaccine against tuberculosis soon after birth. The oral polio vaccine (VPOo) and the monovalent pneumococcal conjugate vaccine (PCV) must also be administrated at birth and at 6, 10 and 14 weeks and at 9 months. Since 2005, the pentavalent vaccine has been introduced to replace DPT vaccine (diphtheria and tetanus toxoid with pertussis containing vaccine). The pentavalent vaccine contains a combination of 5 vaccines in one dose: diphtheria, tetanus toxoid, pertussis, hepatitis B, haemophilus influenza type b vaccine (Hib) and must be administered to children at the same time as the pneumococcal vaccine or the oral polio vaccine (6, 10, 14 weeks) . In Senegal, like many developing countries where measles is highly endemic and frequently affect infants, routine measles vaccination is recommended at 9 months of age (Table 1) . At 15 months, a second dose of measles is recommended to induce immunity in children who might have failed to mount a sufficient immune response to the first dose. Additionally, a dose of yellow fever is given at nine months [15] . In Senegal, despite relative high investment in vaccines and management of the national Expanded Programme on Immunization which resulted in increased immunization coverage in 2010 recurrent outbreaks of measles, diarrhea with rotavirus infection occurred among infants during the last decades at the national and regional level [16] . Therefore, some studies findings suggest that assessment of timely vaccination should be used to design and monitor vaccination programmes in low and middle income countries [17, 18] . To our best knowledge, there is no study in Senegal exploring the exact time of immunization among children at the national level, and factors associated with immunization delay have been insufficiently investigated. Therefore, we conducted a secondary data analysis of the latest DHS to determine vaccination coverage and prevalence of timely vaccination for different vaccines administered within the national EPI programme. We also explored factors associated with time to vaccinations. We hypothesized that a better understanding of these determinants can potentially help the national EPI program manage vaccine-preventable diseases and positively impact child survival in Senegal.
Methods

Data source and sampling methodology
We used data from the latest DHS in Senegal where surveys data for the period of 2013-2014 is available upon request. The surveys were conducted in 2013 and 2014 across the 14 regions in Senegal. Data from each phase was aggregated to produce national data set with indicators statistically comparable across the regions. In general, the results from the DHS can be compared to previous standard DHS surveys. The objectives, organization, sample design of the Demographic and Health Survey are described elsewhere [19, 20] . Briefly, each phase of the DHS is a household survey with a two-stage stratified cluster sampling design. In the first stage, the primary sampling unit (PSUs) which is the census district was selected with probability proportional to PSU population size. In the second stage, households were selected and enumerated within each area segment. The sample was stratified by urban and rural areas, and the survey was carried out across the 14 regions. During each phase, information on child immunization was collected from the health card which recorded the child immunization history and the mother's recall of vaccination. If the date of antigen administration was available recorded on the vaccination card, the information was directly collected. If the card indicated that an antigen was given but no date was recorded, the interviewer recorded the vaccination marked on the card. Mothers were asked to recall any vaccination that was given to the child but not listed in the card. For children without a health card, mother's report of vaccination was accepted and recorded as valid information on childhood immunization status.
Measurement of variables and descriptive statistics
We assessed vaccination coverage and timeliness of administration of each antigen according to the national immunization schedule implemented in Senegal. Up to date vaccination coverage in the country was assessed in children aged 12-23 months old as recommended by the World Health Organization. We defined vaccination coverage as the proportion of children aged between 12 and 23 months who received BCG, Polio 0, Polio 3, Penta 3, and Measles Containing Vaccine (MCV) vaccination [21] . Following WHO guideline and the definition in the EPI, a child was considered as fully vaccinated when he or she received 5 vaccines contact (BCG, 3 doses of polio vaccine expect the initial dose of oral polio vaccine given at birth), three doses of the pentavalent which contains 5 antigens against diphtheria, tetanus, pertussis, hepatitis B and haemophilus type b (Hib), and one dose of measles contained vaccine (Table 1) . We generated the variable immunization status which was recoded as "1" if the child had received all 9 antigens and as 0 if not based on the health card or mother's declaration. Time to vaccination for each vaccine was obtained from vaccination dates and date of birth recorded from the child health card. Following WHO guidelines, we defined immunization as correctly timed if the dose was administered within 4 weeks after the recommended age specified in the national immunization schedule (Table 1 ). In the situation where a vaccination was not recorded and the only the word "given" was mentioned, this data was considered as missing. For the polio vaccine at birth and Polio 3 vaccine, the vaccination coverage was 70% and 83.7% respectively. Coverage of last dose of Polio (Polio3) ranged from 98% in Ziguinchor to 77.59 % in Tambacounda. Coverage for two doses of Penta 1 and Penta 2 ranged from 89.77% to 93.44%. The coverage for the DPT3 dose was lower in Kolda (65.04%) compared to 97.8% in the region of Ziguinchor. The vaccination coverage with MCV deviation. Categorical variables were summarized by giving their frequencies. The analysis vaccination coverage was evaluated by using data recorded from health card and/or the mother's recall of the vaccination act. Participants included the analysis were children aged 12-23 months and having received BCG, Polio 0, Polio 3, Penta 3 and measles vaccines. We applied the non-parametric Kaplan-Meier method to estimate cumulative vaccination coverage at any given age. Assessment of delay in age-appropriate vaccination provides more information about timeliness of vaccination than up-to-date vaccination coverage and this method has been already described elsewhere [21] [22] [23] [24] . In our analysis, time variable or survival time was defined as the age (in months) a child has survived until the vaccination at specified time. Thus, the failure or event of interest was a positive event defined as receipt of vaccine and the outcome variable was time in months until a child received a vaccine. Censoring occurred when for some children the observation period (0-23 months) ends while the child still does not received the specified vaccine. Another reason for censoring in survival analysis is that a person withdraws from the study because of death or some other reasons but this situation did not exist in our analysis as the question on uptake of vaccine during DHS was restricted to children alive at the time of the survey. For each vaccine, non-parametric Kaplan-Meier function of the time to event analysis was based on the following time ranges: BCG (Birth-8 weeks), Polio 0 (Birth-4weeks), three polio and the three pentavalent vaccines (4 weeks -2months; 8 weeks -4months; 12 weeks -6 months) and measles vaccine (38 weeks-12 months). For each vaccine, we computed the cumulative event function at time t, denoted F(t) as the probability that the event has occurred by time t, or equivalently, the probability that the survival time is less than or equal to t. At any given age, the cumulative event function was estimated as the complement of the non-parametric Kaplan Meier estimate of the survivor function; F (t) =1-S (age). This method has been described elsewhere [11, 23, 25] . Finally, we applied a Cox proportional hazard model [25] which accounted for the complex survey design to determine the factors associated with vaccination delays for cinq (5) separates models: BCG, Oral Polio 0, Polio 3, Penta 3 and measles. We selected the adjustment-variables based on the WHO framework on epidemiology of the unimmunized [26] . The multivariate model was adjusted for the following variables: child's gender, childhood place of residence, birth order of the child, child place of birth, mother's education, marital status, and mother attending antenatal care, wealth index, and regions of residence.
Statistical analysis
Ethical clearance
Ethical approval was granted by the Ethics Committee of the National Statistical Office of Senegal. The 2012-2013-2014 continuous DHS data is available to the general public by request in different formats from the Measure DHS website (www.measuredhs.com). We submitted a request to the Measure DHS by describing the purpose and objectives of the study and received permission to download the children's data set in STATA format.
Results
Characteristics of the study population
A total of 2,444 living children between 12-23 months of age were included in the analysis for the vaccination coverage. The mean age of the children was 17 months. 52.8% were female and more than (60.8%) half of sampled children were living in rural area. The percentage of mother with no education was high (68%) and 93.1% of them were married. Almost all the mothers attended antenatal care (96. 54%).The proportion of children with available vaccination cards was 69.74% and 23.77% of children were in the poorest quintile of the wealth index (Table  2) .
Vaccination coverage
Overall, the prevalence of full immunized children was 72.2% (95%CI: 69.2-74.8%). In Dakar, the capital city of Senegal, this proportion was 86.4% (95%CI: 75%-92%). Tambacounda and Kolda had the lowest immunization coverage with respectively 54% (95%CI: 50.6-73) and 56% (95%CI: 54.4%-75%). Except Dakar, the highest immunization coverage rate was found in Fatick with 82.49% ( Table 3 
Factors associated with time to start of vaccination
Female children were more likely to have correctly timed vaccinations with MCV, Penta 3 and Polio 3. Birth order of the child was associated with vaccination with Polio 3 and Penta 3. Children of mothers with a primary education level were 22% more likely to receive the Penta 3 vaccine higher at a given age compared to children born to women with no education at that age. Similarly, women with secondary education or higher were 20% more likely to receive Penta 3 vaccine as compared to women without education level (Table 5 ). In Senegal, living in urban areas was associated with delays with both Penta 3 and MCV vaccinations. Regional differences in timely vaccinations were found in many regions. In Diourbel, Tambacounda, Kolda and Sedhiou Polio and MCV vaccinations was less than 80% among children aged 12-23 months. Regarding the distribution per region, measles immunization coverage ranged from 89.57% in Saint-Louis to 64.6% in Tambacounda (Table 3) .
Time in correctly timed vaccination
Approximatively, 30% of infants aged 12-23 months did not have a vaccination card at the time of the survey. Therefore, to study timeliness of receiving each antigen, we restricted our analysis to 1,704 children aged 12-23 months whose mothers showed a vaccination card during the interview. For BCG, the mean age of immunization was 1 months and 88.25 % of children aged 12-23 months received the BCG vaccine within the recommended time schedule (between 0-4 weeks) ( Table 4) . Median delay for BCG was 1.7 weeks. For polio vaccine at birth, the median delay was 5 days; all other vaccine doses had median delays of 2-4 weeks. For Penta 1 and Penta 2 the proportion of children with timely vaccination was respectively 73, 84% and 75, 64%. For polio 3 vaccine, the median age at vaccination was 5.22 months and 15.71% of the vaccinations were given late. Overall, the median age at vaccination for MCV was 9.73 months and the proportion of children with correctly timed vaccination was 72.3% (Table 4) .
Cumulative vaccination coverage based on Kaplan-Meier Method
Vaccination coverage estimates with the Kaplan-Meier method are shown in Figure 1 . The time course of completion of Penta 3 and Polio 3 vaccine are described in Figure 1 . For Penta 3 and Polio 3 vaccine completion, recommended by month 3 is achieved in approximately 10% of the children. It takes about 5 months for 50% of children to complete the pentavalent and the polio vaccine. For both vaccines, there is a rise in vaccination coverage from 6 to 23 months indicating noticeable delays when compared to the WHO guidelines. For measles coverage, where the WHO's specified time schedule ranges from 9 to 12 months, 50% of children received the MCV around11 months, and less than 70% coverage rate was achieved during the first year of life. Similarly, the cumulative incidence curve rose from 12 to 23 months indicating considerable delay in measles vaccination (Figure 1) . were more likely to be delayed than in the capital city, Dakar. Fatick and Ziguinchor, the association was reversed i.e. Penta 3 vaccination was more likely to be delayed in Dakar, the capital city, compared to other regions (Table 6 ).
Discussion
Despite relative high vaccination coverage based on health card or mother's recall of vaccination, there was a gap in the timeliness of children immunization and almost 25% of measles contained vaccine were not received or scheduled after the recommended age. For Penta 1 and Penta 3, 23.6% and 15.7% were given late respectively. Untimely vaccination was associated with male gender, birth order, and education level and (not significant). Our findings confirm previous studies in subSaharan and low middle income countries that reported high rate of delay in age-appropriate vaccination despite high vaccination coverage based on vaccination card or mother's recall of immunization [27] [28] [29] . WHO considers high BCG uptake as real marker of good access to health care system for pregnant women (30) . In our study, the proportion of infants not receiving BCG vaccine was < 2% and only 7.4% received the BCG vaccine after one month. This may suggest that globally during the first months of life, health centers are well performing vaccine delivery. In our study, there was a steady increase of delay in age-appropriate vaccination for BCG and Penta 3. Our findings confirm previous studies [30] that have also reported an increase in the time to immunization for vaccines given after birth compared to vaccine received later when children get older. This situation may be explained by the different factors related to vaccine logistics for certain regions. Another reason might be that some mothers or guardians may not choose to come back after an adverse event following the first immunization. In a meta-analysis review Munoz, et al. (2015) [30] showed that in low and middle countries concerns about vaccinations are widespread and further worsen the challenge related to programmatic and health system barriers to vaccination [30] . In many sub-Saharan countries, the use of vaccination services might have been slowed by the replacement of traditional vaccines with expensive combinations which may curve the vaccine wastage and the timeliness [16] . Another cause of delay in age appropriate vaccination may be the increasing complexity of the immunization schedule. Like other low and middle-income countries, in Senegal, routine immunization schedule has gone beyond the traditional childhood vaccines since its inception in 1976. At the beginning the national Expanded Programme on Immunization recommended delivering only six antigens (BCG, which traditionally includes diphtheria, tetanus, pertussis, measles polio and tuberculosis). Since 2012, Senegal has progressively introduced into its EPI program, hepatitis b, Hib, pentavalent vaccine against Hib and rotavirus vaccine. For measles, the second dose of the vaccine is offered through the national immunization programme to children beyond their first birthdays. Consequently, delayed immunization may be caused by the fact that some health care providers are uncertain on how to treat children who have missed out previously scheduled vaccine or don't know how to plan a catchup schedule. According to the external review of the national immunization programme in 2010, only 58% of health districts have delivered formal EPI training programme during the last 3 years. Given the complexity and the evolving change of the EPI recommendedvaccines there is a necessity for training, supervision and a continuous education programme among health professionals. Measles disease is highly transmissible with high morbidity and mortality. The WHO-UNICEF global immunization vision and strategy 2006-2015 aimed at controlling morbidity and mortality from vaccine-preventable diseases recommends to country to attain at least 90% measles immunization coverage [5] . In our study, less than 70% coverage rate was achieved during the first year of life and the cumulative incidence curve showed considerable delay in measles vaccination after 12 months. Our results confirm previous studies in sub-Saharan Africa which shows considerable delays in administration of measles administration after 12 months [11, 24] . In 2009, a massive outbreak occurred in Senegal with continuous virus transmission from late 2009 to early 2010 [16, 31] . During this outbreak, it was confirmed that 11,3% of affected children did receive a measles contained vaccine but was not correctly immunized. Previous studies in sub-Saharan Africa have shown that relatively low vaccination coverage rates is the main cause of measles circulation because children are not immunized or under immunized [17] . Our results show that children from the highest wealth quintiles were more likely to be vaccinated on time compared to children from the lowest wealth quintile. A study of 31 low and middle-income countries also found that children in poorer families and families with more than one child were at increased risk for vaccination delay [17] . In a study in Ethiopia, Lakew et al [32] showed that children born to mothers of higher wealth index were 40% more likely to be fully vaccinated compared to children from women of poor wealth index group. Babirye et al [23] found in Uganda similar substantial differences in timeliness across educational and socio-economic classes. Our study is not without limitations. Firstly, because of potential shame and social stigma, mothers of children who don't have the vaccination recorded on the health card may be more tempted to report a vaccination for their children introducing a potential subject bias. Consequently, the level of immunization coverage may be lower than the prevalence reported in this study Secondly, we used only information that was recorded on vaccination card to obtain accurate vaccination and delay in age-appropriate vaccination. Although this was the most accurate method to obtain vaccination dates, parental cards are also subject to incompleteness and some dates may have not been written in the vaccination cards, resulting in an overestimate of the prevalence of delay for each antigen within the national EPI programme. Vaccination coverage was only estimated among children born two years prior the survey and children who died or out -migrated were not recorded during the household survey, this situation might have been a potential bias in estimates of the cumulative proportion. We used 1 minus the Kaplan-Meier function to estimate the proportion vaccinated by age consistent with previous studies. This method is an easy and useful way of visualizing the vaccination uptake over time (or age) and provides estimates of the proportion vaccinated at a given age, which may be useful in assessing the performance of vaccination programs in reaching their targets. However, this method will consistently give higher results than conventional methods due to censoring, which reduces the population at risk at the time point when censoring occurs. Also, as the number of persons under observation decreases with time, the rightward part of the curve becomes unstable.
Conclusion
We found significant delays in receipt of recommended infant vaccinations in this nationally representative sample and socio-demographic and regional inequalities in vaccination timing. Our results imply that for the national EPI programme to have a real impact vaccine preventable disease, timeliness of routine childhood immunization should be emphasized. In addition, innovative strategies to improve timeliness of childhood immunization combined with the reinforcement of the current laboratory-based surveillance system must be established in Senegal. 
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